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Abstract. We develop a simpleanalyticmodelanduseglobal simulationsof
Earth's magnetosphereto investigatethe effectsof electricalresistivity on the
topologyof themagnetospherefor northwardinterplanetarymagneticfield (IMF).
Wefind thatfor low resistivity values(

�� 10
���

m) themagnetosphereremainsopen
after6 hoursof northwardIMF. For largervalues( �� 2 � 10� � m) themagneticflux
of the tail lobesdecreasesrapidly on the timescaleof � 1 hour. In this casethe
tail becomesclosed,tadpole-shaped,steadystate,andof finite length. The tail
lengthdecreaseswith increasingresistivity andbecomesasshortasabout50 	�

for a resistivity valueof 10� � m. ReconnectionbetweenIMF andlobefield lines
occursin all casesandis not significantlyaffectedby the resistivity. However,
largevaluesof theresistivity annihilatelobeflux andbreakthefrozen-incondition
for closedtail flux tubes,leadingto a decouplingof the flux tubemotion from
plasmaconvection.Theseeffectsmake thedevelopmentof a steady, closedtail of
finite lengthpossible.Becauseresistivity valueslargerthan10 � m areunrealistic
for thequiettimetail, weconcludethatthemagnetosphereis unlikely to everclose
andthatmodelswhich predicttherapidclosureanda steady, finite lengthtail are
possiblyin errordueto numericalresistivity.

1. Intr oduction

The structureand magnetictopology of the magneto-
sphereundernorthward IMF conditionsis oneof the fun-
damentalproblemsin magnetosphericphysics.Undersuch
conditions,magnetosphericactivity ceasesandthe magne-
tosphereattainsa groundstatethat setsthe stagefor new
episodesof activity. While it is now well acceptedthat the
magnetospherehasanopenmagnetictopologyduringperi-
odsof southwardIMF [Cowley, 1980](i.e.,many magneto-
sphericfield linesareconnectedwith theinterplanetaryma-
genticfield (IMF)), acompletelydifferent(namely, aclosed)
topologyappearsto bepossibleundernorthwardIMF con-
ditions[Cowley, 1983;Troshichev, 1990].

Duringperiodsof southwardIMF, magneticreconnection
betweenIMF andmagnetosphericfield linesis thepredomi-
nantsolarwind-magnetospherecouplingmechanism[Cow-
ley, 1980]. Thereis now increasingevidencethatreconnec-
tion is alsoanimportantcouplingprocessduringnorthward
IMF conditions[Kesselet al., 1996;Berchemet al., 1995].
For the latter case,magneticreconnectiontakes placebe-

tweenIMF andlobefield linesathigh latitude.In fact,such
a reconnectionprocesshas beenpredictedpreviously by
severalphenomenologicalmodels[Cowley, 1983;Crooker,
1992;Dungey, 1963; Troshichev, 1990;Songand Russell,
1992;Russell, 1972;Reiff , 1982;Reiff andBurch, 1985;Kan
and Burke, 1985;Kivelson, 1982]. However, thesemodels
differ greatlywith respectto theresultingmagnetictopology
of themagnetosphereandtreatfor themostpartonly steady
statesituations.Cowley [1983] andTroshichev [1990] sum-
marizethe variouspossiblemagnetictopologiesthat may
resultfrom lobereconnection.Someof thesemodelspredict
a closedmagnetosphereasa resultof themerging process;
however, closedmodelsall requirethatreconnectionoccurs
simultaneouslyandsymmetricallyboth at the northernand
southernlobes. It hasbeenarguedthat sucha situationis
veryunlikely [Russell, 1972],andconsequently, themagne-
tospherewill neverclose.

However, someindirectexperimentalevidenceappearsto
beconsistentwith a closedmagnetosphereduring intervals
of prolongednorthward IMF. Using ISEE 3 datafrom the
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distanttail, Fairfield [1993]findsthatISEE3 encountersthe
tail lobeslessoften than expectedfor northward IMF. He
notesthat this would be consistentwith a closedmagneto-
sphereanda tail lengthof �� 200 ��� duringtheseintervals.
In aseparatestudyusingGeotaildata,Fairfield etal. [1996]
found that during an extendedperiodof time ( � 10 hours),
Geotaildid not observe plasmaandfieldstypical of the tail
althoughthe spacecraftwas well positionedin the distant
tail around������� = -134 � � . He arguesthat theseobser-
vationsareconsistentwith a closedmagnetosphereat that
time. Other evidencemay be found in polar cap precipi-
tation data. Solarelectrons(polar rain), which arethought
to be an indicatorof openfield lines (field lines that con-
nectwith thesolarwind at oneend)[Fairfield andScudder,
1985], aresometimesfound absentin the polar capregion
[Riehl and Hardy, 1986; Newell et al., 1997]. However,
otherstudieshave reportedthe presenceof polar rain even
in periodsof magnetosphericquiescenceandstrongnorth-
ward IMF [Frank et al., 1986; Gussenhoven and Mullen,
1989;Makita et al., 1985;Hoffmanet al., 1988]. Thusthe
questionof aclosedmagnetospherecanatpresentnotbean-
sweredexperimentally, giventhelimitationsof theavailable
datasets.In fact, it evenremainsquestionablewhetherany
experimentcanaddressthequestionsuccessfullybecausea
null result (the disappearanceof the tail lobesor the polar
cap)is required,which is notoriouslydifficult to obtainasit
would requiremeasurementsof veryhighspatialdensity.

In spiteof theuncertaintiesaboutmagnetospherictopol-
ogyduringnorthwardIMF, severalstudiesusingglobalsim-
ulationsof themagnetospherehave beenperformed[Usadi
etal., 1993;WatanabeandSato, 1990;Tanaka, 1995;Ogino
et al., 1992,1994;Fedderand Lyon, 1995; Raederet al.,
1995;Gombosiet al., 1998]. Themajority of thesestudies
finds that themagnetosphereclosesafter � 1 hourof north-
ward IMF. Oneshouldkeepin mind, however, that all of
thesestudiesusehighly idealizedsimulationsetups,i.e., the
solarwind andIMF parametersarekeptsteadyandnodipole
tilt is considered.Theonly studyso far that did predictan
openmagnetosphereafter several hoursof constantnorth-
ward IMF was presentedby Raederet al. [1995]. That
study found, similar to othersimulationstudies,that mag-
netic reconnectionoccursat the lobesin both hemispheres
in a symmetricfashion.However, thereconnectionratewas
very low, leadingto the persistenceof openlobe flux even
after 4 hoursof duenorthward IMF. The otherstudies,al-
thoughnot all of thempresenta detailedanalysis,predict
suchsymmetriclobereconnectionaswell but alsoleadto a
very rapidclosureof themagnetosphereaftertheIMF turns
northward. Although noneof the simulationstudiesesti-
matesthereconnectionrateexplicitly, oneis ledto speculate
thatthemodelswhichcloserapidlysimplyexhibit higherre-

connectionrates.This, of course,is likely to be trueasthe
modelsemploy differentparametersandalsodiffer greatly
by the numericalschemesthat they useto solve the MHD
equations.As we shall show in thenext sections,however,
magneticdiffusion may play the dominantrole in someof
the modelsand may be the causethe rapid closingof the
magnetosphereafternorthwardIMF turnings. In this paper
wethereforeexaminetheissueof magneticdiffusionin glo-
bal modelsof Earth's magnetospherein detail. In section2
we discussthe effectsof reconnectionandmagneticdiffu-
sionon themagnetosphere.In section3 we briefly describe
ourmodel,andin section4 wepresentresultsthatshow how
differentamountsof magneticdiffusionaffect themagneto-
spherictopology. Finally, in section5 we summarizeand
discussour results.

2. Magnetic Diffusion VersusReconnection

For themagnetosphereto close,openmagneticflux of the
tail lobeshasto beconvertedinto closedflux, i.e., themag-
netic topologyof the tail hasto change. For obvious rea-
sons,thischangecannotbea continuousdeformationof the
magneticfield but mustinvolvethecuttingandreattachment
of field lines. Thusthe frozen-incondition �����! #"%$
mustbe violated,andothertermsin Ohm's law mustplay
an importantrole. For reconnectionto take placeit is gen-
erally assumedthat the dominantnonidealterm in Ohm's
law is theresistivity, althoughotherterms,likeanonvanish-
ing divergenceof the electronpressuretensor, mayalsobe
invoked[Hesseetal., 1995;Kuznetsovaetal., 1995].What-
evermechanismbreaksthefrozen-incondition,it onlyneeds
to beoperativein avery limited spatialregion. In theclassi-
cal pictureof fastreconnection[Petschek, 1964]this region
is locatedaroundthemagneticX lineandcalledthediffusion
region. At theX line field linesarethencut andreattached,
althoughmostof the energy conversionis thoughtto take
placein the slow modeshocksthat fan out from the diffu-
sion region itself. Thusthe essenceof reconnectionis that
theviolationof thefrozenflux conditionneedonly to occur
in a very limited spatialregion.

Let us now assumethat magneticdiffusion is not re-
strictedto asmallspatialregionbut is operativeeverywhere,
or almosteverywhere,in the magnetosphere.Theassump-
tion of idealMHD needsthento be replacedwith resistive
MHD, andthe time evolution of the magneticfield is then
governed(assumingspatiallyhomogeneousresistivity & ) by' $')( � *+"-,.�! /"0$213&5476 (1)' $')( � �8*9"/:; <"�$>=?1 &@BA *>CD$ (2)
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or, in theabsenceof convection,by' $')( � &@ A *>C�$ (3)

Becausewe aremostly concernedwith the diffusion of
thetail lobefield, we mayfurthersimplify (3) by assuming
thattheonly spatialdependenceis in thezdirectionandthat
thedominantfield componentis in thex direction;thus'FEHG')( � &@ A ' C E�G')I C (4)

With the initial condition
E G : IKJMLONPL =3� E GRQ

andE G : ITSULONPL =V� E G C , theinitial valueproblemhasthesolu-
tion EHG : IWNX( =Y� E�GZQ 1[\ : E G C � E GZQ = ] [ �-^D_X`Ba I\cb & (Pd @ Acegf (5)

where ^D_X`R:;hF= is theerrorfunction[AbramowitzandSte-
gun, 1970],definedas^�_P`i:jh)=k� \l m-n GApo.qWr;s�t ( (6)

Figure1 showssolutionsof equation(5)after0.25,0.5,1,
2, 4, and8 hoursfor resistivities rangingfrom

[ L C to
[ L7u�v

m. For &3� [ L C v m and &w� [ L7x�v
m the initial current

sheetbroadensonly slightly, to no more thanabout3 � �
after8 hours. A resistivity of

[ Lzy?v
m causesconsiderably

morebroadening,leadingto roughly the samewidth after
onehourasthe

[ L7x�v
m caseleadsto after8 hours.Resis-

tivitiesof
[ L7{�v

m and
[ L u v

m leadto arapidbroadeningof
thecurrentsheetevenafteronly 1 houror less.Apparently,
thereis a transitionat about

[ L y
-
[ L7{Bv

m betweenresistivi-
tiesthatwouldhaveonly a minoreffect on thetail topology
( �� [ L y v m) andsuchthatshouldhave a profoundeffect on
the tail ( |� [ L { v m). In order to assessthe effect of large
resistivities on the tail topologyin moredetail we perform
globalsimulationsof themagnetospherewhichentailtheef-
fectsexplicitly in theinductionequation.

3. Model

We use a global MHD code which includesan iono-
sphericmodelfor theclosureof field-alignedcurrents[Raeder
et al., 1997,1998]. In orderto accommodatethelargesim-
ulation volume with a long tail and long simulationtimes
thesimulationcodewasparallelizedfor runningonmultiple
instruction-multipledata(MIMD) machinesby usinga do-
maindecompositiontechnique[Foxetal., 1988].Themodel

solvestheidealMHD equations(modifiedasdescribedbe-
low) for themagnetosphereanda potentialequationfor the
ionosphere.Numericaleffects,suchasdiffusion,viscosity,
andresistivity, arenecessarilyintroducedby the numerical
methods.Thesepermitviscousinteractionsandto a limited
extentmagneticfield reconnection.For this studywe keep
anexplicit resistivity termin Ohm's law, which is discussed
in moredetailbelow.

3.1. Outer Magnetosphere

Themagnetospheric(MHD) part of the modelis solved
usingafinite differencemethodwhichis conservativefor the
gasdynamicpartof theMHD equations:')}')( � �8*�~7: }  �= (7)'W}  ')( � �8*�~7: }  B �1g�?��=?1�4O"Y$ (8)' o'W( � �8*�~7:�, o 1g��6i �=?1�4!~D� (9)' $'W( � �8*-"V� (10)*�~i$ � L

(11)� � �! <"V$�1�&�4 (12)4�� *-"V$ (13)o � [\ }.� C�1 �� � [ (14)

where
}

is the plasmadensity,  is the velocity, � is the
plasmapressure,� is theunit tensorof rank3, o is theplasma
energy density, � is thespecificheatratio (a valueof 5/3 is
usedin thesesimulations),$ is the magneticfield, 4 is the
currentdensity, � is theelectricfield, and & is theelectrical
resistivity. Note that all variablesarenormalizedto refer-
encevaluesin orderto eliminatenumericalfactorssuchas
thepermeabilityof freespace.

The 4W"V$ and ��~�4 termsaretreatedassourcetermsbe-
causethe very low plasma� and the large magneticfield
gradientsnearEarthdo not allow theuseof thefull conser-
vative form of theMHD equations.Theelectricalresistivity& is eitherheldconstantor givenby a modelof anomalous
resistivity:

&����)��� C if �.����� , &�� L otherwise (15)� � � � � � �� E � 13� (16)

where� is thelocal currentdensity,
E

is thelocal magnetic
field, � is the grid spacing,and � is a very small number
(10q)� ) introducedto avoid dividing by zero. The normal-
ized currentdensity � � (

L2J � � J [
) is usedas a switch
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Figure 1

Figure1. Solutionsof equation(5) for differentresistivity valuesandat six differenttimes(0.25,0.5,1, 2, 4, and8 hours).
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for theresistivity. In placeswheretheresistivity is switched
on,it becomesproportionalto thesquareof thelocalcurrent
density. Similarresistivity modelshavebeenusedin thepast
to modelthekineticeffectsthatleadto anomalousresistivity
[SatoandHayashi, 1979;Hoshino, 1991]. Theparameters� and � determinethevalueof theresistivity andthecurrent
densitythresholdthat mustbe reachedfor the resistivity to
be switchedon. The parameter� ( � =0.75in thesesimula-
tions)is chosensuchthattheresistivity & is nonzeroonly at
a very few grid pointsin strongcurrentsheets.Thedimen-
sionlessparameter� hasa valueof 0.05for thesimulations
shown in this paper. With this choiceof � thelargestpossi-
ble valuefor & is &7�Y�X� =3 " 10

u v
m. Because& dependson

thelocalplasmaparameters,its valuevariesstronglybothin
timeandspace.Typically, atany giventime,only a few tens
to a few hundredsgrid cells(out of about10

u
) reachvalues

largerthanonetenthof &z�Y�P� .
The numericalgrid is rectangularandnonuniformwith

thehighestspatialresolution(about0.5 � � ) nearEarth. It
extends20 �H� in the sunward direction, 400 ��� in the
tailward direction,and   50 ��� in the Y andZ directions.
Thegasdynamicpartof theequationsis spatiallydifferenced
by using a techniquein which fourth-orderfluxes are hy-
bridizedwith first-order(Rusanov) fluxes[HartenandZwas,
1972; Hirsch, 1990]. The magneticinduction equationis
treatedsomewhat differently [Evansand Hawley, 1988] in
order to conserve *¡~¢$£� L

exactly. The time stepping
schemefor all variablesconsistsof a low-order predictor
with a time-centeredcorrector, which is accurateto thesec-
ondorderin time. Theouterboundaryconditionsarefixed
at thegivensolarwind valueson theupstreamside. At the
otherboundariesweapplyopen,i.e.,zeronormalderivative,
boundaryconditions.

3.2. Ionosphere

Theinnerboundary, wheretheMHD quantitiesarecon-
nectedto theionosphere,is takento bea shellof radius3.7� � centeredatEarth.Thechoiceof thisradiusis acompro-
misenecessitatedby numericalconsiderations,suchasvery
high Alfv ¤^ n speedsandvery largemagneticfield gradients
closerto Earth. However, this choiceallows for theproper
mappingof all relevantfield-alignedcurrent(FAC) systems
down to � 59¥ magneticlatitude. Theplacementof the in-
ner boundaryalso inhibits the formationof a ring current.
Insidethisshellwedo notsolve theMHD equationsbut as-
sumea staticdipolefield. Theimportantphysicalprocesses
earthwardof thatshellaretheflow of FACsandtheclosure
of thesecurrentsin the ionosphere.Every few time steps
(correspondingto a time interval of ¦ 5 s in real time) we
usethestaticdipolefield to mapthemagnetosphericFACs
from the3.7 � � shell onto the polar cap. We thenusethe

FACsasinput for theionosphericpotentialequation:*�~Z§�~R*�¨w�©�k��ªc«X¬®<¯ (17)

which is solvedon the surfaceof a spherewith a radiusof
1.015 � � . Here ¨ denotesthe ionosphericpotentialas a
functionof magneticlatitudeandlocal time, § is thetensor
of theionosphericconductance,��ª is themappedFAC with
thedownwardcurrentconsideredpositive andcorrectedfor
flux tubeconvergence,and ¯ is the inclinationof thedipole
field at theionosphere.Theboundarycondition ¨ = 0 is ap-
pliedattheequator. Althoughmoresophisticatedmodelsare
availablefor theionosphericPedersenandHall conductance
[Raederet al., 1998],we useherea uniform Pedersencon-
ductanceof 5 S and zeroHall conductance.The uniform
conductanceensuresthat the ionosphericconvection pat-
tern remainssymmetricaboutthenoon-midnightmeridian,
whereasa modelwith gradientsin the conductancewould
breakthesymmetry, evenif the IMF is duenorthward. For
thesamereasonwechoosenot to includeany dipoletilt, i.e.,
thedipoleaxis in themodelcoincideswith theGSEz axis.
UsingthemappedFACsandionosphericconductances,the
potentialequationis solvedusingapseudospectralGalerkin
method[Canutoet al., 1987], and the ionosphericpoten-
tial is mappedto the 3.7 �H� shell where it is usedas a
boundaryconditionfor the magnetosphericflow by taking -��:°�8*�¨±=z"V$ dzE C .
3.3. Initial Conditions

The initial conditions for the magneticfield are con-
structedfrom the superpositionof Earth's dipole over an
equallystrongmirror dipole,suchthat

E�G
vanishesat h = 16�H� . Sunwardof theplaneof symmetryat 16 ��� thefield

is replacedby the initial solarwind field. This procedure
ensuresa divergence-freetransitionfrom theconstantsolar
wind field to themagnetosphericfield. Thesimulationbox
is initially filled with tenuous(0.1cmq x ) andcold (5000K)
plasmaof zerovelocity. Thesimulationrun is startedwith
a southward IMF in orderto let the unphysicalinitial con-
ditionsevolve into a magnetosphericconfiguration.After 2
hoursweflip theIMF into aduenorthwarddirectionwithout
changingany of theotherparameters.We thencontinueto
run the modelfor 6 morehoursunderduenorthward IMF
conditions.

4. Simulation Results

Wehaverunthemodelfor severaldifferentresistivity pa-
rameterswhicharelistedin Table1.

Thesolarwind parametersareidenticalfor all runs( ²)³¢´
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Table1. SimulationRuns

Run Resistivity,
v

m ��µ�¶
A NL � ·
B 10

x
2400

C 10
y

240
D 10

{
24

E 2 " 10
{

12
F 3 " 10

{
8

G 6 " 10
{

4
H 10

u
2.4� Nonlinearmodel(seeequations(9) and(10)).¶ MagneticReynoldsnumber��µ = ¸ A ² A d & basedon ¸ A =

1 � � and ² A = 300km/s.

= 420 km/s, ¹>³¢´ = 6.5 º5» q x , ¼½³¢´ = 1.8 " [ L q Q C Pa,E Gz¾ ³¢´ ,
E�¿ ¾ ³¢´ = 0,

E�À ¾ ³Á´ =   5nT).

Plates1a-1hshow renderingsof themagnetosphericcon-
figuration8 hoursinto thesimulationruns,i.e.,after6 hours
of duenorthwardIMF. Theequatorialplaneshowsthecolor-
codedplasmapressure,with red depictingthe highestval-
ues;yellow, green,andblue depictingintermediatevalues;
andmagentadepictingthe lowestvalues. The planeat x =
-100 � � shows the magnetictopology. Orangeareasare
threadedby unconnectedfield lines,blueareasarethreaded
by open(i.e.,lobe)field lines,andpink areasarethreadedby
closedfield lines. The light pink surfaceenclosesvolumes
of closedflux, i.e., it depictstheopen-closedboundary. The
rippleson thosesurfacesarea numericalartifactdueto the
finite resolutiongrid (Thesurfacesareproducedby assign-
ing a valueof 1 to everygrid point thatliesonaclosedfield
line andelsea valueof -1. The surfaceshown is thenthe
isosurfacefor thevalue0.)

Plate 1a shows the magnetictopology for the casein
which theresistivity is givenby thenonlinearmodel(equa-
tions(15)and(16)). This run(runA) essentiallyreproduces
theresultof Raederet al. [1995]. Most of the tail consists
of closedfield lines,exceptfor aregionaroundthemidnight
meridianwhereopenflux is still present.Thisopenflux fills
a slot in the closedflux volumethat extendsfrom the cusp
nearthe terminatorinto the distanttail. Reconnectionbe-
tweenIMF andlobefield lines is occurringjust tailwardof
thecuspsandproducesnew closedfield linesat theexpense
of the remaininglobe flux. However, this processmustbe
fairly slow, otherwise,thelobeflux shouldalreadyhavedis-
appeared.Becauseof the symmetriesthere is no process
operatingin thiscasethatcouldproducenew lobeflux. This

maynot generallybe true in reality, however, wheredipole
tilt, a finite IMF

E G
component,or a finite IMF

E�¿
compo-

nentis present.In thosecases,thesymmetryof reconnection
betweenthenorthernandsouthernhemispheresmaybebro-
kenandreconnectionmaythenproducenew openflux from
previouslyclosedflux tubes[see,e.g.,Cowley, 1983,Figure
8d].

Plates1b(runB) and1c(runC) show themagnetospheric
topology for the casesof

[ L7x�v
m and

[ L y v
m uniform

resistivity in Ohm's law (equation(11)), respectively. For
thesetwo casesthemagnetictopologyis virtually thesame
asin runA. Consideringthatthenonlinearresistivity model
producesa finite resistivity only in very few placeswhere
the local currentexceedsthe threshold(typically at a few
grid pointsarounda X line), casesA-C appearto be dom-
inatedby numericalresistivity to the effect that the added
resistivity termsproducenonoticeablechange.

Thecaseof
[ L.{�v

m uniformresistivity (runD, Plate1d)
is distinctly different from the previously discussedcases.
Therearestill tail lobesleft; however, they arenow much
smallerthanin the casesA, B, andC. Thereis alsoa slot
in theclosedfield line volumethatemergesfrom thecusps,
andthusreconnectionisoccurringthere.However, aswill be
seenin thecasesof evenhigherresistivity, reconnectiondoes
notneccessarilyoccurbetweenIMF andopenfield linesbut
mayat leastin part beoccurringbetweenclosedfield lines
andthe IMF. The latter processwill alsoproducea slot as
seenin Plate1d.

When the resitivity is increasedfurther, the magnetic
topologychangesprofoundly. Plates1e-1hshow the topol-
ogy for runsE to H with resistivities of 2 " [ L.{�v m, 3 "[ L7{�v

m, 6 " [ L7{�v m, and
[ L u v

m, respectively. For all
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Plate 1. Renderingof the magnetosphereshowing the plasmapressurein the equatorialplane,the magnetictopologyat
X=-100 �H� , andtheopen-closedboundary(pink surface)for (a) modelrun A with anomalousresistivity, (b) modelrun B
with a constantresistivity of 10

x�v
m, (c) 10

y v
m, (d) 10

{�v
m, (e) 2 " 10

{Fv
m, (f) 3 " 10

{Bv
m, (g) 6 " 10

{Bv
m, and(h)

10
{�v

m. Seetext for details.
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of thesecasesthemagnetosphereis closed.The tail length
decreaseswith increasingvaluesof the resistivity. For & =
2 " [ L.{�v m the tail is � 110 �H� long, for & = 3 " [ L7{�v
m the tail lengthis � 80 ��� , andbecomesasshortas � 50� � for thehighestvalueof resistivity (

[ L u v
m). In casesE

andF theshapeof themagnetosphereis approximatelythat
of atadpole.Also, in thesecasesthereis still aslotvisibleat
high latitudesin theclosedflux volume. This slot is dueto
reconnectionbetweenclosedflux tubesandtheIMF. No net
changeof closedflux occursby thisreconnectionprocess.A
closedflux tubethat is removedby this processis replaced
by a new closedflux tubethat extendsacrossthe dayside.
Theothertwo endsof theoriginally closedflux tubearethen
disconnectedandform theslotsthatarevisible in Plates1e
and1f. In thecasesof thehigherresistivity (Plates1g and
1h) themagnetospheretakestheshapeof a bubble.Thereis
alsonohigh-latitudeslot, indicatingthatreconnectionis not
operatingat high latitudesin thesecasesbut is completely
swampedby field diffusion.

The time evolution of run A is shown in Plates2a-2f.
Plate2a shows the topology shortly beforethe IMF turns
northward. Becausethe IMF hasbeendue southward for� 2 hours, there is a tail X line locatedat aboutx = -25��� . As the northward IMF reachesthe daysidemagne-
topause(Plate2b), lobe reconnectionbegins and startsto
form a LLBL (Low Latitude BoundaryLayer) type layer
aroundthefrontsidemagnetopause.As timeprogresses,this
layerexpandsbothin width andtailward(Plates2cand2d).
While the initial formation of this boundarylayer occurs
rapidly, it takesseveralhoursfor thisbroadlayer(whichhas
beentermedpreviouslythetail flankboundarylayer(TFBL)
[Raederetal., 1995])toengulfthetail lobesandpartiallyre-
placethem(Plates2eand2f).

In caseof runF theinitial timedevelopmentis similar to
run A (Plates3aand3b), with theexceptionthat the initial
southward IMF X line lies closerto Earthat aboutx = -18� � . However, after160min, i.e.,20min afterthenorthward
turningof theIMF (Plate3c), thetail is noticeablydifferent
from caseA at the sametime (Plate2c). Thereis also a
TFBL which is comparableto theTFBL in caseA, but the
tail lobesare much smallerat this time comparedto case
A. The similarity of the TFBL in both runs indicatesthat
the lobe reconnectionprocessworks quite similar in both
cases. The much more rapidly shrinking lobesin caseF,
however, appearto becausedby magneticdiffusion. If the
rapidshrinkagewerecausedby fasterhigh-latitudelobere-
connection,theTFBL in caseF shouldbemuchbroaderand
reflectthelargeramountof reconnectedlobeflux. After 224
min the tail lobeshave disappearedin caseF, and the tail
hasbecomeclosedwith a finite lengthof � 180 � � (Plate
3d). As time progresses,the tail thenbecomesshorteruntil

it eventuallyreachesanapproximatesteadystatewith a tail
lengthof � 80 ��� (Plates3eand3f).

In bothcasesA andF theclosedflux in theTFBL is pro-
ducedby symmetricreconnectionof IMF field lines with
lobefield linesathigh latitude.However, thetimeevolution
of thatclosedflux is differentin thesetwo cases.In caseA
the closedflux, which is initially immersedin the magne-
tosheathplasma,is carriedinto thedistanttail. We attribute
the differentmotionsof the flux tubesin casesA andF to
beprimarily dueto magneticdiffusion. In effect, thediffu-
sion breaksthe frozen-inconditionof ideal MHD and lets
the field lines slip throughthe plasma.Thusthemotion of
thefield linesbecomespartially decoupledfrom themotion
of theplasmawhich makesthedevelopmentof a finite size,
closedmagnetospherepossible.

5. Summary and Discussion

We have useda simpleanalyticmodelandglobalMHD
simulationsof Earth's magnetosphereto studytheeffect of
finite resistivity on thetopologyof themagnetotail.Thean-
alytic modelindicatesthatmagneticdiffusioncanannihilate
lobeflux in a matterof a few hoursif theresistivity exceeds
about10

{�v
m. Theglobalsimulationsconfirmthisfinding.

ForsouthwardIMF conditionstheflux annihilationisbal-
ancedby new openflux that is generateddueto magnetic
reconnectionat the dayside;thusthe magnetictopologyof
thetail doesnotchangequalitatively andthemagnetosphere
remainsopen.

For northwardIMF, nosuchreplenishingof lobeflux oc-
curs.Instead,reconnectionbetweenlobeandIMF field lines
convertsopenflux tubesof the lobesinto closedflux tubes
asdiscussedby Cowley [1983]. Without diffusion,this pro-
cessleadsto abroadboundarylayerin thetail flanks(TFBL)
which convectstailward. Enhanceddiffusiondoesnot alter
the lobe-IMF reconnectionin a significantway. However,
diffusionhasadditionaleffectsthatprofoundlyalterthetail
topology. First, diffusion annihilatesadditional lobe flux,
which leadsto a rapiddisappearanceof thetail lobes.Sec-
ond,theconvectionof theclosedflux in theTFBL becomes
partiallydecoupledfrom theplasmaconvectionbecausethe
frozen-inconditionis no longervalid. This causesthe tail
endsof theseflux tubeseventuallyto stopconvectingtail-
ward. Without additional resistivity the TFBL flux tubes
continueto convecttailwardbecauseof themomentumflux
of themagnetosheathflow in which they areembedded.

Thecombinationof thesetwo effects,diffusionof thetail
lobefield andtheviolation of thefrozen-inconditionin the
TFBL, leadsto the rapid formationof a steadystatemag-
netotailof finite length. Without theadditionalannihilation
of lobeflux dueto diffusionthe tail would alsocloseeven-
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Plate 2. Time sequenceof themagnetosphereconfigurationfor run A with anomalousresistivity. Note that the IMF turns
northwardat120min.
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Plate3. Timesequenceof themagnetosphereconfigurationfor runF with 3 " 10
{Bv

m uniformresistivity. NotethattheIMF
turnsnorthwardat120min.
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tually by virtue of high-latitudereconnection;however, this
processwould take muchlonger. Sinceour baselinemodel
(A), whichstill containsnumericalresistivity, doesnotclose
after6 hoursof northwardIMF, thisprocesswouldprobably
requirea steadynorthwardIMF of 10 hoursor more. If, on
theotherhand,thefrozen-inconditionis not violatedin the
TFBL, thetail mightstill closebut wouldnotbesteadystate
becausethetail endsof theTFBL flux tubeswouldcontinue
to convecttailward.

Of course,electrical resistivity valuesof the order of
10
{�v

m or morearehardly realistic for the entiretail. At
best,anomalousresistivitiesof suchmagnitudecouldbeex-
pectedin verylimited regionsof thetail currentsheetduring
active times[Cattell and Mozer, 1986;Cattell, 1996]. For
quiet times, Cattell [1996] found valuesof the Lundquist
number(i.e., magneticReynoldsnumber)in thetail current
sheetof 10

x
or larger, correspondingto valuesof theresis-

tivity thataresmallerthan10C v m.

Thus,magneticdiffusionshouldplay no significantrole
in themagnetotailduringnorthwardIMF andthefollowing
conclusionscanbedrawn:

1. In reality, the magnetotailwill hardly ever closebe-
causestablenorthward IMF conditionsfor more than 10
hoursrarelyoccur. Evenwhena 10+ hourperiodof north-
ward IMF occurs,therearealways IMF

E�G
and

E ¿
com-

ponentsof finite magnitude.TheseIMF componentswould
ratherkeepthe magnetosphereopenbecausethey may de-
stroy thesymmetriesrequiredto closethemagnetosphereby
simultaneouslobe reconnection.The latter effectsdeserve
furtherstudyby usingglobalmodels.

2. A uniform resistivity in excessof about10
{�v

m is
sufficient to producea rapidly closingmagnetotailof finite
length.

3. Model resultsthat indicatethe rapid closureandthe
formationof a steadystate,finite length,magnetotailcould
possiblybecausedby numericaldiffusion.Oneshouldnote,
however, thataclosedmagnetotailcouldalsoresultfrom the
initial conditions. If the simulationis startedwith a north-
wardIMF, thereis noopentail flux to begin with. However,
it is usefulto keepin mind that every periodof northward
IMF is preceededby a periodof southwardIMF. Theques-
tion is not if themagnetosphereis closed,but how it closes.

4. Themodelproblempresentedin thispapercanbeused
to obtaina roughestimateof the inherentnumericalmag-
neticdiffusionlevel of a globalmodel.As long asaddinga
uniformresistivity of value & A to themodeldoesnotchange
the resultsappreciably, the inherentnumericalresistivity is
likely to belargerthan & A . For themodelusedin this study
we find that & A is of the order of 10

y v
m. One should

note,however, thatnumericaleffectsareusuallynot homo-

geneous;thus & A shouldberegardedasa lowerbound.
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